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SYNOPSIS 
The Thesis entitled “Design, Synthesis and NMR Studies of Hybrid Peptides” 
is divided in to four chapters. 
Chapter I: General Introduction 
Chapter I deal with introduction to peptides, peptidomimetics and their 
conformations. These conformations are classified as helices, sheets and turns based on 
the CO-N-Cα-CO (ϕ) and N-Cα-CO-N (ψ) dihedral angles in Ramachandran plot, which 
provides allowed regions for various secondary structures available. A brief discussion on 
synthesis of peptides in solution state and various substituted β-amino acids has been 
discussed. Applications of NMR spectroscopy in conformational studies is briefly 
reviewed along with the NMR techniques, Molecular Dynamics (MD) studies and 
Circular Dichroism (CD) spectroscopy, which are useful to obtain the conformations of 
peptides have been discussed. 
Chapter II: Design, synthesis and structural studies of β-hairpin peptides 
containing   3-Aminobenzoic acid (Aba, a γ Amino acid). 
The design and synthesis of β-hairpin peptides containing Aba and their 
conformational analysis by NMR spectroscopy and Molecular dynamic studies is 
reported in this chapter. The chapter is divided in to three sections.  
Section A: Introduction to β-sheets and β-hairpin peptidomimetics 
 β-Hairpins are the simplest β-sheet assembly and are composed of two antiparallel 
β-strands connected by a β-turn or a short loop. β-hairpin model systems have been used 
to identify several factors that are crucial to antiparallel β-sheet stability, including the 
conformational propensity of the loop forming segment and sidechain-sidechain 
interactions between neighbouring strands. Thus it is important to identity the most 
effective strategies for assembling peptide strands in to β-sheets for rationalizing natural 
protein folding patterns and designing new proteins. 
Section B: Synthesis of β-hairpin peptides containing 3-Amino benzoic acid (Aba). 
Aba is a γ amino acid with rigid backbone structure, with the φ and ψ values of 
about 180°, thus it is likely to be promote β-sheet like structure. The effect of insertion of 
Aba in to peptides containing DPro-LPro, LPro-LPro and achiral Aib-Aib (Aib is amino 
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isobutyric acid) turn inducers was investigated by synthesizing and studying the 
following peptides. 
Boc-Ile-Val-Aba-DPro-LPro-Aba-Ile-Val-OMe      1 
Boc-Ile-Val-Aba-LPro-LPro-Aba-Ile-Val-OMe       2 
Boc-Ile-Val-Aba-Aib-Aib-Aba-Ile-Val-OMe          3 
  These peptides were synthesised by solution phase synthesis method. Octa 
peptides 1 and 2 were synthesised by condensing two tetra peptides [4+4] (Scheme 1) 
where as 3, was obtained by coupling a tri peptide and a penta peptide [3+5] (Scheme 2).  
Scheme 1: 
a) DCC/HOBt, Et3N; b) TFA/DCM; c) LiOH / THF:H2O:MeOH (1:2:1); d) C2H5CO2Cl / NMM; e) EDCI/HOBt, Et3N
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Scheme 2: 
a) DCC/HOBt, Et3N; b) TFA/DCM; c) LiOH / THF:H2O:MeOH (1:2:1); d) C2H5CO2Cl / NMM; e) EDCI/HOBt, Et3N
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All the peptides were purified by column chromatography, reaction conditions and yields 
were not optimized.  
Section C: Conformational studies of β-hairpin peptides containing Aba. 
NMR study of peptides 1, 2 and 3 were undertaken in about 2-3 mM solutions in 
CDCl3 solution. All NH and Cα proton signals show well dispersed signal in 1H NMR, 
which indicate the presence of well defined structure in solution. Residue specific 
assignments were carried out using TOCSY and sequential residue assignment through 
nOe correlations between CαH of the residue i with the NH of residue i+1 (CαH(i)/ 
NH(i+1)) for Ile-1, Val-2, Ile-7 and Val-8. For Aba-3 and Pro-4, the assignments the 
Aba-3H6/Pro-4δH nOes, where as the nOes, Pro-4αH/Pro-5δH helped in assigning the 
resonances of the Pro-5. Similarly Pro-5αH/Aba-6NH and Aba-6H6/Ile-7NH nOes 
provided the information of their respective positions. In the case of peptide (3) Aba-
3H6/Aib-4NH, Aib-5NH/Aba-6NH and Aba-6H6/Ile-7NH nOes helped in resonance 
assignments. Amide resonances in all peptides except Ile-1, Val-2 and Ile-7, resonated at 
δ > 7 ppm, indicating their participation in Hydrogen bonding (H-bonding). 
Hydrogen bonding studies: 
 Hydrogen bonding studies were carried out by using solvent titration method by 
adding 50 µL of DMSO-d6 sequentially to a peptide solution in 600 µL of CDCl3. For 
peptides 1, 2 and 3 small NH chemical shift change (∆δ) < 0.64 ppm suggests their 
participation in H-bonding. Large values of ∆δ (> 1 ppm) for NH2 and NH7 indicates 
that they are exposed to the solvent and do not participate in H-bonding (Figure 1).  
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For 1, the down field appearance of αH protons 4.43 / Val-2, 4.97 / Ile-7, 4.56 / Val-8 as 
well as large 3JNH-αH coupling for Ile-1, Val-2, Ile-7, Val-8 being 8.2, 7.9, 9.5, 9.0 Hz 
respectively, along with strong inter-residue αH/NH and week intra residue NH/αH nOe 
cross peaks strongly support backbone dihedral angles in the β region of the 
Ramchandran plot for both the strands. Strong cross peaks Aba-3H6/Pro-4δH and Aba-
6H6/Val-7NH indicate that Aba-3 and Aba-6 take an extended structure. Similar pattern 
is observed in 2 and 3. The β-hairpins in 2 and 3 are amply supported by characteristic 
nOe connectivities between Aba-3H2/Aba-6H2, Aba-3H2/Aba-6NH, Pro-4αH/Aba-
6NH, Val-2αH/Ile-7αH, Ile-1NH/Val-8NH and Boc/OMe, across the two strands 
(Figure 2). Spectrum 1 shows expanded ROESY spectrum with characteristic nOes for 
1. Due to the conformational restraints on the Pro and Aib residues, the β-turns are 
expected to be type I with ϕi+1 = −60° and ψi+1 = −30°, ϕi+2 = −90° and ψi+2 = 0° for 1, 
type II′ with ϕi+1 = 60° and ψi+1 = −120°, ϕi+2 = − 80° and ψi+2 = 0° for 2 and in 3. Achiral 
Aib shows strong conformational preferences of type III′ β-turn with ϕi+1 = 60° and ψi+1 = 
30°, ϕi+2 = 60° and ψi+2 = 30°. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Spectrum 1: Expanded ROESY spectrum of peptide 1. The nOe cross peaks 
are: (1) Boc/OCH3, (2) Val-2αH/Ile-7αH and (3) Aba-3H2/Aba-6H2 
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Chapter III: 11/9-Mixed helices in the α/β-hybrid peptides derived from 
alternating α- and β-amino acids.  
This chapter which deals with the design synthesis of α/β hybrid peptides and 
their conformational analysis by NMR spectroscopy and Molecular dynamic studies and 
is divided in to three sections. 
Section A: Introduction to Foldamers with α/β-hybrid peptides.  
A foldamer is any unnatural oligomer that folds in to a conformationally-ordered 
state in solution. They are stabilized by a collection of non-covalent interactions between 
non-adjacent monomer units. Foldamers derived from alternating α- and β-amino acid 
residues adopt a variety of helical structures such as 13-, 11-, 14/15-helices. 
Section B: Synthesis of α/β-hybrid peptides using D-Phe and β3hVal.  
We synthesized the α/β-hybrid peptide with proteinogenic side chains on the 
basis of the concept of alternating chirality using DPhe and β-amino acid, hVal by 
conventional solution phase synthesis using EDCI, DCC and HOBT as coupling reagents 
in DCM under nitrogen atmosphere (Scheme 3). Boc-hVal-OMe was prepared from Boc-
LVal-OH by Arndt-Eistert homologation method via diazoketone. Following peptides, 4-
8, were synthesized and studied. 
Figure 2: Characteristic 
nOes and H-bonding and 
superposition of 20 
minimum energy 
conformations obtained by 
MD calculations.    
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1. Boc-DPhe-hVal-DPhe-OMe       (4) 
2. Boc-DPhe-hVal-DPhe-hVal-DPhe-OMe     (5) 
3. Boc-DPhe-hVal-DPhe-hVal-DPhe-hVal-DPhe-OMe   (6) 
4. Boc-hVal-DPhe-hVal-DPhe OMe      (7) 
5. Boc-hVal-DPhe-hVal-DPhe-hVal-DPhe-OMe    (8) 
Scheme 3: 
   
 
 
 
 
 
 
Section C: Structural studies of α/β-hybrid peptides with D-Phe and β3hVal. 
The 1H NMR spectrum for compounds 4-8, showing all the amide protons except 
NH(1) of 4 at δ > 7 ppm and the solvent titration studies (∆δNH < 0.31 ppm) support 
their participation in H-bonding. For hVal(2) and hVal(4), 3JCαH-CβH < 4.7 Hz and 3JNH-
CβH =10.0  Hz  are in conformity with θ ~ 60o and φ ~ 100° respectively.  For DPhe, 3JNH-
CαH = < 7.0Hz, arise due to predominant population with |φ| ~ 70°. This observation was 
also supported by the low temperature studies at 263K, resulting in enhanced population 
of the lowest energy conformers, which showed 3JNH-CαH < 6.0. The unequivocal 
assignments for CαH(pro-S) and CαH(pro-R) in 5, based on strong NH(3)/CαH(pro-S)(2), and 
more intense CαH(pro-S)(2)/NH(2) compared to CαH(pro-R)(2)/NH(2)  nOes, support a 
value  of θ of about - 60o . This value of θ of about - 60o, observed for all the peptides (4-
8), is an important signature for a left-handed helix. In the ROESY spectrum (Spectrum 
2), the distinctive nOes for a 11/9-helix, CαH(1)/NH(3) and CαH(3)/NH(5), consistent 
with an 11-membered H-bond between Boc CO-NH(3) and NH(5)-CO(2), and 
Boc-hVal-OMe
a) CF3COOH, CH2Cl2 (1:1), 3 h; b) HOBt, EDCI, Et3N, CH2Cl2 , 0 °C, 12 h; c) LiOH, THF : MeOH : H2O (2:1:1), 3 h
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NH(2)/NH(3) and NH(4)/NH(5), supporting 9-membered H-bonds between NH(2)-
CO(3) and NH(4)-CO(5), were observed. The NMR data provide compelling evidence 
for a left-handed 11/9-mixed helix for 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The MD calculations for 4-8 were carried out using the quantitative restraints 
obtained from the ROESY spectra using the volume integrals and two-spin 
approximation. Figure 3 depicts a superposition of 25 lowest energy structures for 5. For 
the sake of clarity, the side chains have been replaced with methyl group after the MD 
calculations. The average values of backbone dihedral angles were obtained by excluding 
the first and the last residues. In 5 the CO-N-Cα-Cβ (φ), N-Cα-Cβ-CO (θ) and Cβ-Cα-
CO-N (ψ) for the β-residues are -93 ± 8°, -58 ± 1° and 85 ± 1° respectively, while for α-
residue, φ = 72 ± 3° and Cα-CO-N-Cα (ψ) = 141 ± 2°. The corresponding values for 6 
are -94 ± 4°, -60 ± 2°, 86 ± 2°, 76 ± 2° and 142 ± 5° respectively.  
 
 
 
 
 
Spectrum 2: The 
characteristic nOes 
in the ROESY 
spectrum and 
schematic 
representation of 5;     
1. CαH(1)/NH(3),   
2. CβH(2)/NH(3), 
3. CαH(3)/NH(5), 
4. CβH(4)/NH(5), 
5. NH(2)/NH(3),                  
6. NH(4)/NH(5). 
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Superimposed 25 
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bone) for 5: (A) 
stereo-view, (B) 
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The CD studies for 4, 5 and 6 were undertaken in 50 µM MeOH solutions 
(Spectrum 3), whereas for 7 and 8, due to poor solubility, the spectra were obtained in 
saturated solutions. The negative intensities of the peaks support the left handedness in 
these helices. 
 
 
 
 
 
 
 
 
 
Chapter IV: Synthesis and Structural studies of C3-Symmetric α/β-hybrid 
peptides derived from Trimesic acid (TMA).  
It deals with the design and synthesis of C3-Symmetric α/β hybrid peptides and 
their structural investigations by NMR spectroscopic studies. The chapter is divided in to 
three sections. 
Section A: Introduction to C3-Symmetric peptides 
 Describes introduction to C3-Symmetric molecules derived from Trimesic acid 
(1,3,5-benzene tricarboxylic acid) peptides and their self assembled nature due to the 
various driving forces like hydrogen bonding, hydrophobic and pi-pi stacking 
interactions. 
Section B: Synthesis of C3-symmetric α/β peptides derived from TMA 
We have synthesized and studied the following TMA-peptides, 1.TMA[DPhe-
OR]3 (9), 2.TMA[DPhe-hGly-OR]3 (10), 3.TMA[DPhe-hGly-DPhe-OR]3 (11) and 
4.TMA[Val-OR]3 (12), 5.TMA[Val-hGly-OR]3 (13), 6.TMA[Val-hGly-Val-OR]3 (14) 
where ‘R’ is Methyl/n-Octane. All the peptides were prepared by conventional solution 
phase synthesis using HOBt/EDCI in DCM under nitrogen atmosphere; C-terminal was 
protected by making Methyl easter and n-Octyl easter.   The Boc-protecting group was 
Spectrum 3: The CD spectra of peptides 4(a), 5(b), and 6(c) in CH3OH 
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removed and allowed to react with trimesoyl chloride to create the C3-symmetric α/β 
hybrid peptides.  
Section C: Structural studies of C3-symmetric α/β hybrid peptides.  
Only one set of signals from the three peptide chains in 1H NMR indicates that 
these molecules are symmetrically disposed in solution. For the peptides 10, 11, 13 and 
14, NH resonances appeared at low field, with δ > 7 ppm, which indicates participation in 
hydrogen bonding. Broad and well dispersed 1H NMR spectrum of all the above 
compounds in CDCl3 indicates molecular exchange, probably arising due to self 
assembly. In solvent titration studies (when DMSO-d6 was sequentially added), the NH 
resonances initially moved up-field and then to down field on addition of larger amount 
of DMSO-d6 (Figure 4) except for 9 and 12. This indicates weakening or breakage of H-
bonding and subsequent exposure to DMSO-d6 solvent, leading to intermolecular H-
bonding with the solvent which suggests that they are strongly H-bonded. This 
phenomenon is more pronounced as the peptide chain length increases from the central 
core of the TMA-peptide. 
 
 
 
 
 
 
 
 
  
In the dilution studies for 11 there was no substantial change in the chemical 
shifts in freshly diluted sample (0.5mmol). However, after about an hour there was 
drastic change in the NMR spectrum, which showed broad lines, with significant loss in 
dispersion, indicating that the self assembly persists for some time even at lower 
concentrations. The disappearance of dispersion with dilute solution is due to loss in 
Intermolecular H-bonding and subsequent lack of well defined structure (Spectrum 5). In 
Tricarboxamide peptides 11 and 14 (in CDCl3), the nOes between the protons at the N-
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Figure 4: Solvent titration plots for 9, 10 and 11. 
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termini with those at the C-termini, indicates that these interactions and intermolecular 
nOes arise due to the antiparallel arrangement of the strands in solution (Spectrum 4). In 
DMSO-d6 solution, disappearance of these nOes indicates that the molecules do not self 
assemble in polar solvents. In variable temperature studies, down field shift and line 
broadening of amide resonances suggests the strengthening of H-bonding and molecular 
association in CDCl3 solution. For peptide 14 at -50 °C, broad and several lines appeared 
in CDCl3 and solution this is because of presence of multiple conformations at low 
temperatures.   
    
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 4: Expanded ROESY spectrum of 11 with n-octane ester in CDCl3 at 30 °C 
which shows the nOes between the protons at the N-termini with those at C-termini 
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IR vibrational frequencies for the N−H stretch at  about 3300 cm−1, the C=O 
stretch at about 1645 cm−1 and the amide II at about 1540 cm−1 indicate the presence of 
H-bonding between neighbouring molecules. For these peptides the formation of nano 
rods of about 150nm diameter and larger than several microns about 2000nm in length 
suggests strong propensity of aggregating nature of these peptides (Figure 5).  In the ESI 
mass spectral analysis, the observation of larger aggregation ions up to hexamer support 
the self assembling nature of these molecules even in gaseous state.   
 
 
 
 
 
 
 
 
 
 
Figure 5: SEM images of 10 prepared in MeOH/H2O (3mg/mL) 
Spectrum 5: Loss of dispersion and broadening of 1H NMR signals of compound 
11 (0.5mmol) after about an hour in CDCl3 solution 
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